D
uring embryogenesis, cells often acquire new identities as they migrate to new locations (1) . Many of these morphogenetic changes are induced by extracellular ligands and their receptors (1) (2) (3) (4) . An important problem is to identify the signaling pathways that coordinate changes in gene expression with dynamic changes in cell adhesion and migration. Deregulation of these pathways is likely to lead to alterations in cell fate, adhesion, and migration, hallmarks of diseases such as cancer.
Although several growth factors are known to affect both gene expression and cell migration (3) , recent focus has been on the Wnt signaling pathway. Wnts are powerful regulators of cell proliferation and differentiation, and their signaling pathway involves proteins that directly participate in both gene transcription and cell adhesion. The central player is ␤-catenin, which is a transcription cofactor with T cell factor/lymphoid enhancer factor TCF/LEF in the Wnt pathway (2) and a structural adaptor protein linking cadherins to the actin cytoskeleton in cell-cell adhesion (5) . This review explores intriguing connections between Wnt and other growth factor signals, ␤-catenin distribution, and cadherin-mediated cell adhesion ( Fig. 1, inset) .
The Wnt Signaling Pathway and Control of ␤-Catenin Levels
Wnts are secreted lipid-modified signaling proteins (6) that influence multiple processes in animal development. Nineteen Wnt genes exist in mammalian genomes, and the diversity of their functions is exemplified by mutations that lead to developmental abnormalities ranging from stem cell loss to kidney and reproductive tract defects (2) . Signaling is initiated by Wnt ligand binding to two receptor molecules, Frizzled proteins and lipoprotein receptor-related proteins 5 and 6 (LRP-5/6) ( Fig. 1) .
Conventional Wnt signaling causes ␤-catenin accumulation in a complex with the transcription factor TCF/LEF that regulates target gene expression (Fig. 1) . In the absence of Wnt signaling, the level of ␤-catenin is kept low through degradation of (cytoplasmic) ␤-catenin that is in excess of binding sites, such as cadherins at the plasma membrane (see below). ␤-Catenin is targeted for ubiquitination and degradation in the 26S
proteosome by paired phosphorylation through the serine/threonine kinases casein kinase I (CKI) and glycogen synthase-3␤ (GSK-3␤) (7 ) bound to a scaffolding complex of axin and adenomatous polyposis coli (APC) protein (2, 8) . Activation of Wnt signaling leads to inhibition of GSK-3␤ activity, resulting in accumulation of cytoplasmic (signaling) ␤-catenin, which becomes available to bind the TCF/LEF family of transcription factors and to induce target gene expression (2) . Thus, the key factors in ␤-catenin signaling are its stabilization and accumulation in the cytoplasm.
Control of Cadherin Function in Cell Adhesion and Sequestering

␤-Catenin
In addition to its function in the Wnt signaling pathway, ␤-catenin also binds tightly to the cytoplasmic domain of type I cadherins and plays an essential role in the structural organization and function of cadherins by linking cadherins through ␣-catenin to the actin cytoskeleton ( Fig. 2) (5, 9) . Another catenin, p120, binds to the membrane proximal domain of cadherin and regulates the structural integrity and function of the cadherin complex (10) . Can the cadherin-bound pool of ␤-catenin be released and made available for signaling? To answer this question, it is important to understand how the dynamic interaction of ␤-catenin with cadherin is regulated (Fig. 2) . The structural and functional integrity of the cadherin-catenin complex is regulated by phosphorylation (11) . Serine/threonine phosphorylation of ␤-catenin (12) or epithelial cadherin (E-cadherin) (13) results in increased stabilization of the cadherin-catenin complex. However, tyrosine phosphorylation of ␤-catenin by the cytoplasmic kinase Fer disrupts binding of ␤-catenin to ␣-catenin (14) , whereas phosphorylation by Src or the epidermal growth factor (EGF) receptor (15) disrupts binding of ␤-catenin to cadherin. Phosphorylation of p120 by Src (15) or Fer (16) results in loss of cadherin complexes from the cell surface, perhaps as a consequence of simultaneous phosphorylation of ␤-catenin or because p120 is a binding site for several protein tyrosine phosphatases (PTPases) that antagonize the effects of these tyrosine kinases. In general, activation of tyrosine kinases results in a loss of cadherinmediated cell-cell adhesion and an increase in the level of cytoplasmic ␤-catenin (14, 15) , either by direct release of ␤-catenin into the cytoplasm or by activating cadherin endocytosis (17) . In contrast, activation of PTPases stabilizes the cadherin-catenin complex and results in increased cadherin-mediated cellcell adhesion (18) (19) (20) . Although many of these studies were conducted with tissue culture cells, the role of phosphorylation in regulating the organization and function of the cadherin-catenin complex is supported by studies with endothelial cells (19, 21) and preimplantation embryos (22) .
Several studies with tissue culture cells show that activation of tyrosine kinases can increase ␤-catenin signaling in the nucleus (Fig. 3 ). For example, activation of oncogenic RON receptor tyrosine kinase (RTK) or the receptor for hepatocyte growth factor, cMET, results in tyrosine phosphorylation of ␤-catenin, accumulation of ␤-catenin, and increased TCF-mediated gene transcription (23) . Conversely, inactivation of the EGF receptor ErbB2 results in increased binding of ␤-catenin to cadherin and a corresponding decrease in TCF/␤-catenin-mediated gene transcription (24) . However, as noted earlier, activation of signaling ␤-catenin requires its stabilization and accumulation in the cytoplasm. Indeed, activation of insulin-like growth factor (IGF) type II receptor leads to transfer of ␤-catenin to the nucleus and TCF/ LEF-mediated gene transcription (25) , but in the case of type I receptor this occurs only when ␤-catenin is first stabilized (26) . Although much remains to be learned about these pathways, particularly in the physiological context of cells in tissues, it is important to consider that phosphorylationdependent release of ␤-catenin from the cadherin complex not only regulates the integrity and function of the adhesion complex, but may also be an alternative mechanism for activating ␤-catenin signaling.
The intersection of pathways regulating the cadherincatenin complex with ␤-catenin stability and signaling is further exemplified by newly uncovered functions of presenilin 1 (PS1), the major gene responsible for familial Alzheimer's disease (27) . Like the axin/APC scaffold complex, PS1 appears to regulate ␤-catenin stability by facilitating its paired phosphorylation by CKI and GSK-3␤ and subsequent degradation (28, 29) . In cells and tissues from PS1 -/-mice, ␤-catenin is stabilized and accumulates in the nucleus (30) , which indicates that the axin/APC scaffold expressed in those cells does not have the capacity to target all available ␤-catenin for degradation. In addition to showing that PS1 can directly affect ␤-catenin levels, studies using cell extracts from PS1 -/-and PS1 ϩ/ϩ mice showed that PS1 can also proteolytically cleave the cytoplasmic domain of cadherin, which results in a loss of cell-cell adhesion (31) . The released cytoplasmic fragment of cadherin binds the CREB-binding protein (CBP) and targets it for degradation (32) . CBP is a scaffold for activating transcriptional modulators of the cAMP response element-binding protein (CREB) basal transcription complex (33) , and CBP degradation results in the suppression of CREB-mediated transcription (32) . Although further studies are needed, these new activities of PS1 identify a Wntindependent pathway that regulates and interconnects ␤-catenin functions in both Structural and functional regulation of the cadherin-catenin complex by the balance of tyrosine kinase and phosphatase activities. Cadherin binds p120 and ␤-catenin, which in turn binds ␣-catenin. The integrity of this complex is negatively regulated by phosphorylation of ␤-catenin by receptor tyrosine kinases (RTKs) and cytoplasmic tyrosine kinases (Fer, Fyn, Yes, and Src), which phosphorylate (red arrows) specific tyrosine residues in ␤-catenin (Y654, Y142), which leads to dissociation of the cadherin-catenin complex. Integrity of the cadherin-catenin complex is positively regulated by ␤-catenin phosphorylation by casein kinase II, and dephosphorylation by protein tyrosine phosphatases that bind p120 and ␤-catenin (green arrows). Changes in the phosphorylation state of ␤-catenin (bottom) affect cell-cell adhesion, cell migration, and the level of signaling ␤-catenin.
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Control of Cadherin Expression and ␤-Catenin Signaling by Wnt and Other Growth Factor Pathways
Early studies sought to examine whether the cadherin-bound and signaling pools of ␤-catenin were mutually exclusive (Fig. 3) . Overexpression of cadherins in Xenopus and Drosophila embryos reduced the availability of ␤-catenin by sequestering it at the plasma membrane and thereby made it unavailable for signaling to the nucleus (34, 35) . However, increased levels of ␤-catenin induced by Wnt signaling in tissue culture cells led to saturation of ␤-catenin binding to cadherin at the plasma membrane and an increase in cell-cell adhesion (36) . These results point to a potential role of cadherin in sequestering signaling ␤-catenin at the plasma membrane, although an important caveat in those experiments is that cadherin and ␤-catenin levels were artificially manipulated. Nevertheless, it is interesting to consider this function further in light of recent results that have connected changes in E-cadherin gene transcription, loss of cell-cell adhesion, and Wnt/␤-catenin signaling.
Zinc (37) (38) (39) , and their expression is activated by signaling from the fibroblast growth factor FGF-R type I (40), transforming growth factor-␤ (TGF␤1) (41) , and ErbB1 and ErbB2 (39) . Slug/Snail expression results in loss of cell-cell adhesion and increased cell migration (3), as well as accumulation of signaling ␤-catenin that may function independently of, or synergize with, Wnt signaling (40) . Significantly, Wnt signaling is attenuated in Fgfr -/-mice, but signaling can be rescued by lowering E-cadherin levels (40) . Wnt signaling also regulates Ecadherin expression, as studies in tissue culture cells and in tissues have shown that Slug may be a target gene of TCF/␤-catenin complex (39) and that the TCF/␤-catenin complex binds to and represses the E-cadherin promoter (42) . Thus, repression of cadherin expression by Slug/Snail or TCF/␤-catenin complex not only reduces cell-cell adhesion, but the concomitant accumulation of signaling ␤-catenin may lower the threshold for activating Wnt signaling and, thereafter, amplify and/or sustain Wnt signaling.
Activation of specific gene transcription by ␤-catenin is also coordinated by TGF␤ signaling and its downstream effectors (Smads) in the nucleus (Fig. 3) . Genes activated by Wnt signaling alone, or by both TGF␤ and Wnt, are different (43, 44) . Significantly, activities of Smads, TCF/ LEF, and ␤-catenin appear to synergize to increase gene transcription such that any one of the proteins alone activates transcription at a base level, which increases to a maximum when all three proteins are involved (43, 45) . Together, these results show that a variety of growth factor/receptor pathways intersect with the Wnt pathway by regulating the availability of signaling ␤-catenin, either by disrupting the cadherin-catenin complex or by repressing cadherin expression.
Alternative Roles of Wnt Signaling Components in Cell Adhesion and Migration
Components of the Wnt pathway are involved in morphogenetic processes that may not directly involve transcriptional end points but signaling toward the cytoskeleton and cell polarity in tissues. One pathway best understood in Drosophila is called planar polarity signaling, but it is also implicated in epithelial tissue polarity in vertebrates (46) . Planar polarity is regulated by Frizzled, Dishevelled, and several other components including RhoA (Fig. 4A) . Available evidence suggests that Frizzled is activated by the interaction between the nonclassical cadherin-like cell adhesion proteins, Fat and Dachsous (47) . Together with Four Jointed, a membrane-anchored signaling molecule, these proteins are responsible for setting up asymmetry in cells (47) . Among the known other players in planar polarity is another adhesion molecule, Flamingo (48) , which has an unusual structure of a cadherin-like extracellular domain followed by a domain that resembles a seven-transmembrane signaling moiety (Fig. 4A ). How these cell adhesion protein complexes control cell polarity is poorly understood (46 ) , although this pathway does provide a further link between some components of the Wnt signaling pathway and cell-cell adhesion.
Another component of the Wnt signaling pathway, APC, is involved in polarized cell migration and cell-cell adhesion (Fig.  4, B and C) . Early studies showed that APC is localized to the tips of plasma membrane projections in migrating cells in association with bundles of microtubules (49) . More recently, this APC distribution has been linked to the activation of a signaling complex by integrin-based adhesion that orients the cell for polarized migration (50-52) (Fig. 4B) . In addition, an APC homolog (E-APC) has been localized to the adherens junction in association with cadherin and ␤-catenin; mutations that disrupt E-APC localization disrupt cell-cell adhesion (53) and increase the level of cytoplasmic ␤-catenin (54) (Fig. 4C) . Thus, APC is a multifunctional protein that provides further links between cell-cell adhesion and ␤-catenin stability and is involved in processes that are not linked directly to Wnt signaling but that contribute to cellular morphogenesis.
Origins of Wnt Signaling and Cell Adhesion
The multiple nodes that link cell adhesion to Wnt signaling indicate that these two processes have coevolved. Although such speculations are often difficult to test, some support may be gained by examining species with a more primitive body plan. In the sea anemone Nematostella vectensis, translocation of ␤-catenin to the nucleus is required to specify entoderm (55) . Although the role of cadherins was not investigated in this system, overexpression of cadherin reduced nuclear ␤-catenin and inhibited gastrulation (55) .
The diploblast Hydra has a well-developed cell adhesion system including Ca 2ϩ -dependent adhesion and catenins similar to vertebrate counterparts, and most components of the Wnt pathway including ␤-catenin, TCF, and Frizzled have been identified in the Hydra genome (56) . Cell adhesion and Wnt signaling appear to regulate formation of a body axis during asexual budding; aggregation of individual cells is required to initiate TCF and Wnt expression, which leads to the polarized outgrowth and formation of a new body axis (56) . Therefore, in these primitive organisms, as in mammals, there is a mechanistic link between cell-cell adhesion and Wnt signaling.
In considering the possibility of a common origin of Wnt and adhesion signaling, it should be emphasized that in at least one organism, Caenorhabditis elegans, these pathways are genetically separate. The C. elegans genome contains three ␤-catenin-related genes: HMP-2, which is dedicated to adhesion only, and BAR-1 and WRM-1, which act in Wnt signaling (57) .
Wnt Signaling and Cell Adhesion Intersect in Stem Cell Organization and Cancer
Recent studies have shown that both Wnt signaling and cadherin-mediated cell-cell adhesion are important in the organization and maintenance of stem cells. In the Drosophila ovary, somatic and germline stem cells contact specialized cap cells of the germarium during late larval development (58) . Wnt is expressed in these cap cells, close to the stem cells, and loss of Wnt signaling results in a concomitant loss of somatic stem cells (59) . The cadherin/␤-catenin complex, on the other hand, accumulates between germline stem cells (GSCs) and cap cells, and loss of this complex results in GSC loss (60) .
One role of cadherin-mediated adhesion may be in regulating the orientation of cell division of GSCs. In the Drosophila testis, GSC mitosis gives rise to a stem cell and a gonialblast, and proper orientation of the division plane is required to maintain the GSC population. The orientation of this division is determined by adhesion between GSCs and the "hub," a cluster of somatic cells. Adhesion between hub cells and GSCs is maintained by the cadherin-␤-catenin complex, and by APC, which binds microtubules and functions to orient the mitotic spindle (61) .
Both Wnt signaling and cadherinmediated cell adhesion are also important in maintaining mammalian hematopoietic stem cells (HSCs). Wnt signaling and nuclear functions of ␤-catenin are required for HSCs to proliferate and to limit their differentiation potential (62) . Maintenance of the HSC niche in the bone marrow appears to be dependent in part on HSC attachment to spindle-shaped osteoblast cells through neural cadherinmediated cell-cell adhesion (63) . Thus, Wnt signaling and correct orientation of cells and the mitotic spindle through cadherinmediated cell-cell adhesion together contribute to regulate the stem cell niche.
Alterations in cell fate, adhesion, and migration are characteristics of cancer in which cells ignore normal regulatory cues in Drosophila is regulated by Frizzled signaling through Dsh, the small guanosine triphosphatase (GTPase) RhoA, and its downstream effector Rho-kinase (ROCK). Although it is not known whether this process is Wnt-dependent, it is controlled by nonclassical cadherin-like adhesion molecules of the Fat-Dachsous family, as well as by Flamingo. All these molecules contain cadherin repeats, that, in the case of Flamingo, are linked to a seven-transmembrane domain. The number of cadherin repeats displayed here is arbitrary. There are numerous additional components in planar polarity not discussed here (46) . (B) In addition to a role in targeting ␤-catenin for degradation, APC also interacts with the plus-end of microtubules at the plasma membrane of migrating cells. Recent studies indicate that APC and microtubules orient the direction of cell migration through a signaling cascade from integrins that bind extracellular matrix; the small GTPase Cdc42; the PAR complex, which contains the scaffolding proteins Par3/Par 6 and an atypical protein kinase C; and serine/threonine kinase GSK-3␤ (50-52). (C) APC also localizes with the cadherin-catenin complex at the adherens junction (AJ), a major cell-cell adhesion complex with the tight junction (TJ) at the boundary between the apical and lateral membranes of polarized epithelial cells; E-APC may link microtubules to the plasma membrane and may regulate the organization and function of the AJ (45, 53) . from their environment. Unchecked Wnt signaling (8) and/or the loss of cell-cell adhesion (3, 64, 65) are involved in cancer induction and progression. A key event in cancer is the loss of control over ␤-catenin levels, which can be the consequence of loss-of-function mutations in APC, originally discovered because they predispose to colorectal cancer (8) . In addition, activating mutations in ␤-catenin, of the kind that makes the molecule refractive to downregulation by the APC-axin-GSK-3␤ destruction complex, are characteristic of some cancers (8) . Loss of cadherin expression can also promote tumorigenesis (3, (64) (65) (66) , although a link to activation of ␤-catenin signaling after the loss of cadherin remains unclear.
Conclusions
Progress in understanding Wnt and ␤-catenin signaling, as well as cadherinmediated cell adhesion, has generally followed separate lines of investigation. However, it is clear that there are many connections between these pathways (Figs. 1 and 3), although some caution may be needed in interpreting studies in tissue culture cells and in cases where protein levels were artificially manipulated. The critical component in these pathways is ␤-catenin, and the key events are the regulation of ␤-catenin stability and availability. Wnt signaling acts as a positive regulator by inhibiting ␤-catenin degradation, which stabilizes ␤-catenin, and causes its accumulation. The scaffolding complexes of APCaxin, and possibly PS1, act as negative regulators as they target ␤-catenin for degradation, which reduces the overall level of cytoplasmic (signaling) ␤-catenin. Cadherin may also act as a negative regulator of signaling ␤-catenin as it binds ␤-catenin at the cell surface and thereby sequesters it from the nucleus. Negative regulation of signaling ␤-catenin by cadherin may be antagonized by growth factor receptors and tyrosine kinases that either down-regulate E-cadherin transcription through activation of the repressors Slug/Snail or disrupt the cadherin-catenin complex at the cell surface, either of which could lead to a coordinate decrease in cell-cell adhesion and increase in ␤-catenin signaling (Figs. 2 and  3) . Although further studies are required to examine these connections in more complex physiological contexts, a picture is emerging in which components of the Wnt and cadherin pathways are not only linked through the activities of ␤-catenin, but may also be interconnected by regulatory loops that allow close coordination of gene expression and cell adhesion.
